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multisensory auditory-somatosensory
processing [13] and Figure 1 shows
a nice illustration of work by Christoph
Kayser and colleagues [14]. This group
used both intracranial recordings and
functional imaging in macaques to
create detailed individualized maps of
the tonotopic organization of the
auditory regions. One thing to note
from this illustration is that area CM,
which is the region implicated by Yau
et al. [3] as the putative site for cross-
frequency coupling effects between
audition and touch, shows sensitivity to
broad-band low-frequency stimuli and
shows little or no obvious tonotopic
map [15]. Thus, it may be the case that
CM does not have the requisite
frequency resolution to underlie these
effects whereas the neighbouring CL
shows a higher degree of tonotopy and
may be the more likely candidate.
We have concentrated very much on
these very early feedforward phases of
cortical integrations in our own work
[13], in no small part because these
early integrations were considered by
many to be so very surprising when
they first came to light just a decade
ago. But a reasonable question is just
how ‘clever’ are these early
integrations. How complex is the
coding that occurs during initial inputs?
And what of the large-scale complex of
integrations that clearly occurs over the
next 150 milliseconds of processing
time? For example, high-density
electrical mapping has been used to
assess the integration of extremely
basic tone-pips and monochromatic
flash inputs while subjects perform
nothing more complex than a reaction
time task [16]. In this very simple
paradigm, no fewer than six distinct
phases of multisensory processing
were dissociated across a wide
network of cortical regions, including
early extrastriate cortex, early auditory
cortex, parietal regions and frontal
regions. All of these distinct phases
occurred within just 130 milliseconds
of initial afference in area V1. So,
while this study showed very early
audio-visual integration in extrastriate
visual areas at just 45 milliseconds,
it is simply not clear what aspect of
the integrative process this initial
multisensory effect represents. It is
certainly reasonable to think that it
can hardly be a very complex
operation given how early it occurs.
Much remains to be done to delineate
what aspects of multisensory
integration are achieved across this
temporal hierarchy of integration
phases. The work of Yau et al. [3]
provides some very nice predictions
that can now be tested by the
neurophysiology and neuroimaging
communities.
References
1. Jousma¨ki, V., and Hari, R. (1998). Parchment-
skin illusion: sound-biased touch. Curr. Biol. 8,
R190.
2. Guest, S., Catmur, C., Lloyd, D., and Spence, C.
(2002). Audiotactile interactions in roughness
perception. Exp. Brain Res. 146, 161–171.
3. Yau, J.M., Olenczak, J.B., Dammann, J.F., and
Bensmaia, S.J. (2009). Temporal frequency
channels are linked across audition and touch.
Curr. Biol. 19, 561–566.
4. Sumby, W.H., and Pollack, I. (1954). Visual
contribution to speech intelligibility in noise.
J. Acoust. Soc. Am. 26, 212–215.
5. Hairston, W.D., Laurienti, P.J., Mishra, G.,
Burdette, J.H., and Wallace, M.T. (2003).
Multisensory enhancement of localization
under conditions of induced myopia. Exp. Brain
Res. 152, 404–408.
6. Ross, L.A., Saint-Amour, D., Leavitt, V.,
Javitt, D.C., and Foxe, J.J. (2007). Do you see
what I’m saying? Optimal visual enhancement
of speech comprehension in noisy
environments. Cereb. Cortex 17,
1147–1153.
7. wland, B.A., and Stein, B.E. (2008). Temporal
profiles of response enhancement in
multisensory integration. Front Neurosci. 2,
218–224.
8. Schroeder, C.E., Lindsley, R.W., Specht, C.,
Marcovici, A., Smiley, J.F., and Javitt, D.C.
(2001). Somatosensory input to auditory
association cortex in the macaque monkey.
J. Neurophysiol. 85, 1322–1327.
9. Schroeder, C.E., and Foxe, J.J. (2002). The
timing and laminar profile of converging inputs
to multisensory areas of the macaque
neocortex. Brain Res. Cognit. Brain Res. 14,
195–207.
10. Foxe, J.J., Morocz, I.A., Higgins, B.A.,
Murray, M.A., Javitt, D.C., and Schroeder, C.E.
(2000). Multisensory auditory-somatosensory
interactions in early cortical processing. Brain
Res. Cognit. Brain Res. 10, 77–83.
11. Foxe, J.J., Wylie, G.R., Martinez, A.G.,
Schroeder, C.E., Javitt, D.C., Guilfoyle, D., and
Murray, M.M. (2002). Auditory-somatosensory
multisensory processing in auditory association
cortex: An fMRI study. J. Neurophysiol. 88,
540–543.
12. Murray, M.M., Molholm, S., Michel, C.M.,
Ritter, W., Heslenfeld, D.J., Schroeder, C.E.,
Javitt, D.C., and Foxe, J.J. (2005). Grabbing
your ear: Rapid auditory-somatosensory
multisensory interactions in low-level sensory
cortices are not constrained by stimulus
alignment. Cereb. Cortex 15, 963–974.
13. Foxe, J.J., and Schroeder, C.E. (2005). The case
for feedforward multisensory convergence
during early cortical processing. Neuroreport
16, 419–423.
14. Kayser, C., Petkov, C.I., and Logothetis, N.K.
(2009). Multisensory interactions in primate
auditory cortex: fMRI and electrophysiology.
Hear. Res. doi: 10.1016/j.heares.2009.02.011.
15. Lakatos, P., Pincze, Z., Fu, K.M., Javitt, D.C.,
Karmos, G., and Schroeder, C.E. (2005). Timing
of pure tone and noise-evoked responses in
macaque auditory cortex. Neuroreport 16,
933–937.
16. Molholm, S., Ritter, W., Murray, M.M.,
Javitt, D.C., Schroeder, C.E., and Foxe, J.J.
(2002). Multisensory auditory-visual interactions
during early sensory processing in humans:
A high-density electrical mapping study.
Brain Res. Cognit. Brain Res. 14, 121–134.
Program in Cognitive Neuroscience,
Departments of Psychology & Biology, The
City College of the City University of New
York, 138th Street and Convent Avenue, NAC
Building – Room 7/202, New York, NY 10031,
USA; and The Cognitive Neurophysiology
Laboratory, Nathan S. Kline Institute
for Psychiatric Research, Program in
Cognitive Neuroscience and Schizophrenia,
140 Old Orangeburg Road, Orangeburg,
NY 10962, USA.
E-mail: foxe@nki.rfmh.org
DOI: 10.1016/j.cub.2009.03.029
Dispatch
R375Necrosis: C-Type Lectins Sense Cell
Death
Recent studies have shown that C-type lectins, a family of surface receptors
known to recognizemicrobial carbohydratemoieties, also sense products from
dying cells and transduce inflammatory signals that modulate the immune
system.Alessandra Cambi and Carl Figdor*
During embryonic development and
throughout the life of multicellular
organisms many cells die, either during
tissue remodeling, or because of injury,
or at sites of mechanical stress.
Two main types of cell death can be
distinguished. Apoptotic cell death —
also termed homeostatic cell death— is
a physiological event that is importantduring development and maintenance
of tissues. Apoptosis is an active and
energy-conserving form of cell death
that eradicates aged or diseased cells
and poses little threat to the organism.
This death process therefore must not
lead to activation of the immune system
but rather to quick clearance of the
dying cells by phagocytes without
concomitant induction of inflammatory
responses. By contrast, cell death
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Figure 1. Multiple roles of C-type lectins on antigen-presenting cells.
C-type lectins, such as DEC205, Mincle, CLEC9A and DC-SIGN, comprise a family of surface receptors known to recognize microbial carbo-
hydrate moieties. They are involved in the recognition of pathogen-associated molecular patterns (PAMPs) and of altered glycosylated proteins
on tumor cells, but also in cell adhesion and cell communication, with self proteins being involved in the latter processes. Recent evidence is
now accumulating that C-type lectins also sense products from dying cells and that subsequent signals can induce inflammation or modulate
immune responses. While DC-SIGN is a prototype C-type lectin implicated in many leukocyte-mediated processes [19], Mincle and CLEC9A
can recognize damage-associated patterns liberated from necrotic cells but not from cells dying by apoptosis. DEC205 can recognize both
apoptotic as well as necrotic cells. There are many unresolved issues in understanding dendritic-cell-derived responses to immunogenic
cell death. SAP130 is the first molecularly defined C-type lectin ligand released from dying cells and contributes to a better understanding
of how signals from C-type lectins can modulate the balance between tolerance and immunity; the ligand for CLEC9A is currently unknown.induced by other means, such as injury,
leads to necrosis, a form of non-
programmed and destructive cell death,
which is characterized by disturbance
of energy metabolism, disruption of
cellular membranes and the release of
cytoplasmic and nuclear components
into the extracellular environment. This
latter process, in particular, can induce
inflammatory immune responses
leading to defense and repair
mechanisms.
The past decade has witnessed
major advances in our understanding
of the molecular basis of inflammatory
responses against pathogens. The host
senses the presence of microbes
through several families of cellular
receptors that are specialized in therecognition of microbial components
that are chemically distinct from
endogenous molecules (i.e. non-self),
so-called pathogen-associated
molecular patterns (PAMPs). Whereas
the molecular identification of these
pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs) [1]
and C-type lectin receptors [2], has
resulted in a detailed understanding of
how pathogens generate an
inflammatory response by cells of the
immune system, it is much less
well-understood how stimuli other
than PAMPs — such as those derived
from dying cells — are recognized.
Stimuli from dying cells, collectively
indicated as damage-associated
molecular patterns (DAMPs), arise frommolecules of non-microbial origin that
already exist in cells and are released
from intracellular stores upon necrosis.
DAMPs are also referred to as
‘hidden-self’ (Figure 1). There is very
little information about the receptors
that recognize DAMPs.
Antigen-presenting dendritic cells,
known to play a key role in immunity
against invading pathogens, express
many PRRs on their cell surface.
Interestingly, besides pathogens,
dendritic cells can become activated
not just by pathogens but also by
intracellular signals released from
dying cells that were virally infected or
from cells that have died from stress
or necrosis, but not signals released
from healthy or apoptotic cells [3].
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mechanism by which immunogenic
dead cells stimulate dendritic cells to
present antigens and induce an
immune response?
Similar to PAMPS, DAMPs released
from necrotic cells can also upregulate
co-stimulatory molecules in dendritic
cells, resulting in T-cell activation [4].
Since both PAMPs and DAMPs have
pro-inflammatory properties and are
able to activate the immune system,
dendritic cells might recognize DAMPs
via similar receptors, thereby decoding
the immunogenicity of cell death. Some
C-type lectins have indeed been shown
to mediate binding to and clearance of
dying cells by phagocytes [5]; however,
detailed information on whether these
receptors might transduce
inflammatory signals upon sensing
immunogenic cell death is lacking. In
recent studies, two different groups
have now identified C-type lectins as
important receptors that link the
detection of cells dying by necrosis
with immunity.
In the first of these papers, Yamasaki
et al. [6] demonstrated that, in
phagocytes, macrophage-inducible
C-type lectin (Mincle/Clec4e/Clecsf9)
is an activating receptor that interacts
with an Fcg receptor containing
immunoreceptor tyrosine-based
activation motifs (ITAMs) that is
involved in mediating inflammatory
responses to necrotic cells. Mincle
detects immunogenic cell death by
recognizing SAP130, a component of
the U2 small nuclear ribonucleoprotein-
associated protein complex, which is
involved in the assembly of
spliceosomes and is released from
dead cells. SAP130 is therefore an
important addition to the growing list
of known inflammatory mediators,
such as uric acid [7], calreticulin [8],
heat-shock proteins [9] as well as the
nuclear protein HMGB1 [10], that are
exposed or released by necrotic cells.
The recognition of SAP130 by Mincle
triggers intracellular signaling via the
associated FcRg adaptor, the Syk
kinase and the adaptor protein
CARD9, leading to the production of
pro-inflammatory cytokines and
chemokines and ultimately to
neutrophil infiltration. Interestingly,
although Mincle is classified as
a mannose-type lectin and has recently
been shown to interact with the
pathogenic fungus Malassezia [11], its
interaction with SAP130 appears to be
independent of mannose or a relatedcarbohydrate, further supporting
the recent hypothesis that C-type
lectins might also recognize
non-carbohydrate ligands [12].
Although this study focused on
the function of Mincle in macrophages,
this receptor is also expressed on
dendritic cells [13], where it may
serve as a death receptor. Mincle
belongs to the evolutionarily conserved
antigen-presenting lectin-like receptor
gene complex to which the genes of
C-type lectin receptors, such as DCIR,
DCAR and Dectin, mainly expressed on
antigen-presenting cells, were also
shown to map [13]. It is tempting to
speculate that these receptors may
have a role in sensing cell death as well.
For example, DCIR, an inhibitory
receptor containing immunoreceptor
tyrosine-based activation motifs
(ITIMs), might be activated by the same
immunogenic signals and modulate
ITAM-containing Mincle-mediated
signals, thereby affecting the immune
balance (Figure 1).
In the second study, Sancho et al.
[14] showed that CLEC9A (also known
as DNGR-1), a C-type lectin selectively
expressed by CD8a+ dendritic cells in
the mouse, is also able to recognize
danger signals from necrotic cells.
Being expressed on professional
antigen-presenting cells, this receptor
regulates the presentation of dead-
cell-associated antigens on major
histocompatibility complex (MHC)
class I complexes, thereby inducing
a robust CD8+ T-cell response.
Unfortunately, the ligand recognized by
CLEC9A on necrotic cells has not yet
been identified. The authors show that
it is a cytoplasmic molecule that is
resistant to glycosidase and nuclease
treatment but susceptible to proteases,
suggesting that this molecule could be
a ubiquitous, preformed, acid-labile
protein-associated ligand(s). Mutations
in the putative carbohydrate
recognition domain of CLEC9A that
affect the amino acids supposedly
involved in the binding of carbohydrate
moieties could aid the identification of
this DAMP. Importantly, neither
endogenous ligands nor PAMPs of
CLEC9A are known. Characterization
of the ligands bound by CLEC9A will
allow a more comprehensive view of its
physiological roles.
It is noteworthy that neither Mincle
nor CLEC9A are directly involved in the
uptake of dead cells, because
treatments to block these C-type
lectins had no effect on thephagocytosis of necrotic cell material.
Interestingly, both receptors signal
via the Syk kinase, implicating the
Src kinase family as mediators of
dead-cell recognition by the innate
immune system. So far, Mincle and
CLEC9A are the only C-type lectins
reported to sense immunogenic cell
death and couple this to immune
activation.
Recently, DEC205, a C-type lectin
highly expressed on cortical thymic
epithelial cells as well as on dendritic
cells, was shown to recognize dying
thymocytes andmediate uptake of self-
antigen in intrathymic and peripheral
tolerance [15]. DEC205 is a recognition
receptor for both apoptotic and
necrotic cells, but similar to Mincle and
CLEC9A, is not required for
phagocytosis of material from dead
cells. The ligand(s) recognized by
DEC205 on dead cells is/are not known
and the role of DEC205 in the cross-
presentation of antigens associated
with dead cells remains to be
assessed.
Both CLEC9A and DEC205 are
expressed on the CD8a+ dendritic cell
population, raising the interesting
possibility that signaling cross-talk
between these two receptors might
shape the type and strength of the
immune response to immunogenic cell
death. TLRs have also been indicated
as DAMP-sensing receptors, as several
reports indicated that HMGB1, uric
acid and heat-shock proteins can
activate signaling from TLR2 and TLR4
[16]. However, conflicting data derived
from studies with TLR-deficient mice
indicated that none of the TLRs
examined were required for the
inflammatory response upon injection
of dead cells into these mice [17]. The
presence of microbial contaminants
during purification of DAMPs might
possibly account for the observed TLR
stimulation. Recently, Torchinsky et al.
[18] have shown that, when dendritic
cells ingest apoptotic cells infected
with bacteria, a strong inflammatory
response is promoted. In contrast,
uptake of uninfected apoptotic cells
induces differentiation of regulatory
T cells and subsequent suppression of
the immune responses. Clearly,
whether the dying cells are uninfected
or infected by pathogens represents an
additional level of complexity in the
regulation of the immune response
against cell death (Figure 1).
Furthermore, as with DC-SIGN,
a prototype C-type lectin implicated
Social Learning: What Do Drosophila
Have to Offer?
The recent finding that female Drosophila copy the mate-choice criteria of
other females introduces a mainstream model species to the study of how
animals use social information.
Ellouise Leadbeater
In humans, success with the opposite
sex renders individuals more desirable,
and cruelly enough, failure begetsmore
failure [1]. Non-human animals are
apparently also vulnerable to the
beguiling influence of popularity, as
female fish, birds, and mammals have
also been shown to ‘follow the herd’
whenmaking the all-important decision
of who to mate with [2,3]. In this issue
of Current Biology, Mery et al. [4]
report on a surprising addition to the
list: their discovery that female fruit
flies of the genus Drosophila learn
about what to consider attractive
from their conspecifics provides
a rare opportunity for this field to
exploit the wealth of resources
that a mainstream model species
has to offer.
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in the recognition of pathogens and
tumor cells [19], both Mincle and
CLEC9A might also recognize other
self or non-self ligands.
At the interface of innate and
adaptive immunity, dendritic cells are
the essential effectors that can decode
the immunogenicity level of cell death.
Although the quest for dendritic cell
maturation and activation signals
deriving from dying cells is still in its
infancy, Mincle and CLEC9A provide
us with a first glimpse. A better
understanding of the cellular
processes and the molecular players
involved in the immune response
triggered by immunogenic cell death
could pave the way for more effective
immunotherapy against cancer. In fact,
although in solid tumors cell death
regularly takes place with concomitant
infiltration of inflammatory cells, the
overall capacity of the immune system
to exploit immunogenic tumor cell
death and eradicate malignant cells
remains ineffective. Recent
observations indicate that the tumor
microenvironment does not favor the
dendritic cell activation needed for
proper effector T-cell stimulation. In
particular, the presence of specialized
myeloid-derived suppressor cells
within the tumor microenvironment
favors tolerance [20]. These
suppressor cells represent
a heterogeneous population of
bone-marrow-derived myeloid cells
comprising macrophages,
granulocytes and dendritic cells at
early stages of differentiation that is
effectively recruited towards tumor
sites [20]. The C-type lectin repertoire
expressed by these cells is unknown
and the involvement of C-type lectins
associated with these cells in the
sensing of necrotic tumor cells remains
to be established.
There are many unresolved issues in
understanding dendritic-cell-derived
responses to immunogenic cell death
that include the number of different
danger signals, their specific molecular
signature and their exact spatio-
temporal sequence. Also, the receptors
andsignalingpathways thatsense these
danger signals await further elucidation.
Ultimately, it may be possible to exploit
these signals and their sensing
receptors to manipulate immune
responses, for example, as adjuvants in
dendritic-cell-based anti-tumor
vaccines, or to inhibit them to treat
autoimmunity or (chronic) inflammation.References
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